A very brief review is given of the theories put forward by earlier workers to explain the observed characteristics of condensed monolayers.
B y A. E. A lex a n d er Colloid Science Department, The University, Cambridge (Communicated by Eric K . Rideal, F.R.S.-Received 11 June 1941) A very brief review is given of the theories put forward by earlier workers to explain the observed characteristics of condensed monolayers.
From the detailed structures of numerous condensed films as discussed in a previous publication, certain generalizations are now suggested.
For the least compressible region (YZ) evidence based upon surface potential measurements, upon the X-ray structure of hydrocarbons near the melting-point, and upon the compressibility, strongly support the statement that in this region the long chains are vertically orientated and close-packed, but not as tightly as is possible in the three-dimensional crystal.
In the more compressible region (X Y ) the behaviour appears to be inter mediate between that in the Y Z region (determined only by the hydrocarbon chain packing), and in the expanded state (determined only by the headgroup dipole orientation). The most general statement possible is that the configuration at the limiting area X is determined both by the orientation of the head-group dipole with respect to the surface, and by the long-chain packing. All known classes of condensed monolayers are grouped according to the factors thought to be primarily responsible for determ ining the limiting area X , namely, the ' size ' of the head group, hydrogen bond forma tion between the head groups, and the hydrocarbon chain packing.
The physical states of monolayers, and the factors by which they are influenced, are briefly discussed. Forces both between the polar head groups and between the hydrophobic tails have to be considered.
In a recent publication (Alexander 19416) previous theories advanced to explain the characteristics of condensed monolayers have been reviewed and critically examined. The monolayer characteristics are derived from a study of the changes in surface tension ( surface potential (A V), and surface viscosity and rigidity, measured as a function of the area per molecule (A). The 'surface moment' p is obtained from the change i surface potential by means of the equation A V = 4mnp, where n = 1/A .
The usual force-area (F-A) curve for a completely condensed monolayer, as shown in figure 1, consists of two approximately linear sections, one of which (XY) shows a much higher compressibility than the second (YZ). Adam (1921) early suggested th at the two parts and Y Z could be ascribed to the close-packed heads and close-packed chains respectively, a view which, with slight modifications, he still retains (Adam 1938 ). Lyons and Rideal (1929) made the alternative suggestion th a t the be haviour was determined by the packing of the hydrocarbon chains a t those definite angles of tilt (26*5 or 45° to the vertical), which allowed the zigzags to interlock. More recently Dervichian (1939) has attem pted to draw a very close analogy between condensed films and the three-dimensional state as shown by his statement (Dervichian 1939, p. 939) , ' The lattice structure and tilt of the molecules in the different forms are the same in two and three dimensions.' An examination of this postulate in the light of the variety of data now available showed that, as a general explanation, it was most improbable (Alexander 19416) . In order to go into the question still further the individual behaviour of all classes of compounds, excluding only the more complex ones such as the sterols, was examined, and in many cases possible configurations for the head group and long chain were put forward (Alexander 19416) . These results show certain generalizations which it is the object of this paper to examine in detail, and for convenience the and Y Z regions are considered separately.
T he least compressible region YZ
In contrast to Dervichian's idea of inclined chains in this region (Dervichian 1939) , it is now postulated that the long chains are close-packed and vertically orientated in all cases. Three independent lines of evidence give support to this.
First, the surface moment of condensed films of ethyl stearate definitely demands vertically orientated chains (Alexander and Schulman 1937) .
The calculated values for the four possible configurations with the chains tilted at 26*5° to the vertical are 277, 80, 7, and -139 m.-Debyes, whereas the vertical configuration gives 198, in good agreement with the experi mental value of 193. The second point in favour of vertical chains is the magnitude of the areas at the kink-point Y which, as shown in table 1, are seen to'lie between 19 and 21 A2 for the straight-chain compounds. Vertical orientation would apparently require an area of about 18*5 A2; an inclination of 26£° to the vertical one of about 20*7 A2. The areas at zero compression which are slightly greater than the values a t Y certainly appear a t first sight to support an inclined structure, but the m atter is more complicated as the following remarks show. The value of 18-5 A2 quoted above was the value obtained by Muller (1927 Muller ( , 1928 , from X-ray analysis of the hydrocarbon CggHgQ and of stearic acid at room temperature (the actual values being 18*5 and 18*3 A2 respectively). Later work, however (Muller 1932) , showed th at this cross-sectional area increases very considerably as the temperature approaches the melting-point, the values for the hydrocarbons then lying between 19*0 and 20*1 A2 with an average value of 19*5 A2. The values obtained by Buckingham (1934) for the a-forms (the forms stable near the melting-point) of ethyl behenate and hexacosane agree well with Muller's, being 19*64 and 19*43 A2 for the oq and a 2 forms of the former and 19*89 A2 for the oq form of the latter.
The cross-sectional area of the hydrocarbon molecule in the liquid state can also be obtained from density measurements. Assuming hexagonally packed chains the average value so obtained for the C20 to members is 22*0 A2 (Muller 1932) . Now, as has already been mentioned (Alexander 19416) , the meltingpoint of monolayers on water seems to be invariably very much less than in the crystal, and in very many cases fluid monolayers are obtained from substances solid at the same temperature. Hence it would seem much more logical to compare the monolayer cross-sections in the Y Z region with the values in crystals near the melting-point rather than with those a t room temperature. Although, owing to lack of data, comparison can only be made with the hydrocarbons, there is seen to be a close correspondence between the two, the values being intermediate between those calculated from the X-ray and those from the density measurements. The tendency for the monolayer values to be slightly greater than the X-ray values may be due to the conditions not being strictly comparable, such as might arise from some hydration of the chains in the monolayer (Alexander 1941a) . Also, as pointed out (Alexander 19416) , collapse seems to occur invariably at much greater areas than th at of 18-3 A2 found in crystals of stearic acid and heptadecyl methyl ketone, two of the most accurately investigated compounds. Hence the areas at the kink-point Y favour vertical, rather than inclined, chains in the YZ region. The third point is based upon the very low compressibility in the YZ region which, as Adam (1938) has pointed out, is only about 25 % greater than for a long-chain paraffin in bulk, where the complications of extension and hydration of the long chains are not possible. have recently pointed this out in connexion with the acids and alcohols. This cannot be reconciled with an inclined chain structure (as for example on Dervichian's theory) without postulating a very high energy barrier between the inclined and vertical positions, and in view of the ease with which the inclined changes into the vertical form in long-chain hydrocarbons (Muller 1927 (Muller , 1928 (Muller , 1932 and esters and glycerides (Malkin and others 1934 (Malkin and others , 1936 (Malkin and others , 1937 , this would appear to be highly improbable. Also, if transition from an inclined to a vertical form did take place, then the compressibility curve should show a further discontinuity corre sponding to the compression of vertically orientated molecules at an area of about 18*3 A2. This, however, has never been observed and all films a t smaller areas than about 19 A2 seem to be partially collapsed (Alexander 19416) .
One of the results from the X-ray structure of built-up films (Stenhagen 1938; Alexander 1939; Bernstein 1940 ) is th at the long X-ray spacing is in general appreciably greater than the optical spacing and therefore than the height of the monolayer on water (since the deposition ratio is always very close to unity), even for substances such as calcium stearate which show only the typical YZ film. This must mean th a t even at oleic acid pressure ( c a. 33 dynes/cm.) such condensed films are still considerably removed from the structure in the crystal, and indicates very large forces to be operative during crystallization; the change being perhaps associated with dehydration during the transition from the monolayer to the crystal.
Hence it is concluded th at along YZ the long chains are vertically orientated and close-packed, but not so tightly as is possible in the crystal line state.
With regard to the packing of the polar head groups in this region, the surface potential measurements should assist, since it would be expected that if these became close-packed at any point then a distinct change in the surface moment fi would occur there. From the data so far available, only in the case of ethyl and methyl stearates has a sharp break been noticed, in this case at the kink-point Y (Alexander and Schulman 1937 ).
This appears to be in agreement with the suggested configuration, since the short chain, and therefore the head group, must start to be compressed a t the same area as the long one, th at is, at the kink-point
The question of the head-group packing is considered in more detail below.
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The more compressible region X Y The rather opposed views of Lyons and Rideal (1929) and of Adam (1921 Adam ( , 1938 , with the former focusing attention solely upon the packing of the hydrocarbon chain and the latter solely upon th at of the head groups, have been given in the introduction. As pointed out below, however, both these appear to be correct to a certain degree, and to be the two main factors of a generally composite phenomenon.
As discussed in detail above it appears that in the YZ region, with A less than ca . 20 A2, only the hydrocarbon chain packing need be con sidered, so the polar group can evidently play only a very subordinate role except in determining the ease with which this structure is attained. In the expanded films, however, this state of affairs is completely reversed. Thus in the equation of state ( F -F0) {A -A 0) -C, which region (Langmuir 1933) and for the oil/water interface (Alexander and Teorell 1939) , the A 0 term is determined only by the nature of the head group, there being no evidence for any preferred chain orientation. (This equation holds for areas down to about 30 A2 with simple compounds such as alcohols and acids.) Also, as pointed out theoretically by Mitchell (1936) and supported by experiments upon expanded ester films (Alex ander and Schulman 1937), it appears that at the limiting area the re sultant dipole is vertically orientated owing to the very powerful inter facial field (ca. 108 Y/cm.). The A 0 term is thus related to the area taken up by the head group as so orientated in the interface. In the X Y region, with areas in general between 20 and 30 A2, a behaviour intermediate between that in the expanded and most condensed regions might then be reasonably anticipated.
At the cohering point X there exists an equilibrium, under the surface vapour pressure, between the various forces, some tending to expand, others to compress, the film; the monolayer/water system as a whole being in its minimum energy position. It is convenient to discuss the forces between the long chains and those between the head groups separately.
The chains would normally tend to give close-packed, vertical chains at an area of ca. 20 A2 (see table 1), although this may be complicated by the possibility of energy minima at definite angles of tilt. (For reasons pointed out earlier (see Alexander 19416) only the first possibility, viz. 26*5° tilt from the vertical, is considered here.) Close packing of the chains would be assisted by increase of chain length, opposed by steric effects in certain cases (e.g. unsaturated and a-methyl acids), by the head-group packing if this occupies an area greater than ca. 20 A2, and in general by the kinetic energy associated with the two-dimensional translatory move ments, with the rotation of the chains about the long axis, and with the torsional oscillations of the chain. (In a few cases the kinetic agitation of the molecule may actually assist close packing of the chains by breaking down a more open structure maintained by directed hydrogen bonds (e.g. the low-temperature form of the ureas), as discussed in the preceding paper.) Any rotation of the long chains would seem to be most improbable in the monolayer, involving as it would a tilt of the stabilizing dipole away from its position of minimum energy, whereas from the recent experiments of Muller (1940) considerable torsional oscillation might be expected, even at room temperature, on account of the lowering of the melting-point produced by the aqueous substrate (see Alexander 19416 , P art I).
The calculations of Bresler and Frenkel (1939) to determine the extent of such torsional oscillations show that, with a potential barrier restricting free rotation about each C-C bond of 3*6 kcal., long-chain molecules remain practically rigid in solution. Thus for a sixteen-carbon chain the statistical length would be approximately th at for a fully extended one of fourteen carbon atoms, and gives some justification for the assumption of a planar zigzag hydrocarbon chain, as used in previous papers (see Alexander 19416) . Assuming the volume to remain constant, then these torsional oscillations would be sufficient, taking the close-packed form as 20 A2, to give an area in the film of up to about 23 A2, still with the average orientation perpendicular to the surface. This is the structure suggested for the long chains in such monolayers as ethyl stearate, where the headgroup structure indicates approximately vertical chain orientation and yet the area per molecule can exceed that of close-packed chains by some 2 A2.
Considering now the head groups, these would, if non-polar, pack together into the configuration of minimum energy as determined by the usual van der Waals's attractive and the short-range repulsive forces, but since they are invariably polar and are immersed in a polar medium, additional complications arise. The electrostatic forces between an array of similarly orientated dipoles should produce a net repulsive force and hence an increase in spreading pressure, but calculation by Langmuir (1933) an<l experimental study by Marsden and Schulman (1938) show this effect to be quite small. Also in those numerous cases where hydrogen bonding can take place (see the preceding paper), it would seem th at the electrostatic forces between the head-group dipoles are attractive rather than repulsive. Fully ionized head groups however, such as in the soaps, produce sufficiently powerful electrostatic repulsive forces to break down the hydrocarbon chain attractions very largely, giving vapour expanded or gaseous films (Adam and Miller 1933; Adam 1938, p. 129) . This strong repulsion can be changed into strong attraction by addition of a suitable second component, for example, by adding calcium ions to sodium stearate, or a long-chain ether to a long-chain amine hydrochloride (Marsden and Schulman 1938) . In such cases the X Y region is completely eliminated, leaving only the close-packed YZ structure.
In addition to these electrostatic head-group interactions and the usual disordering thermal forces, there remains th at between the head-group dipole and the interfacial field which, as pointed out above, tends to orientate the resultant dipole vertically in the surface. In general, owing to the asymmetry of the resultant dipole with respect to the long-chain axis, this preferred dipole orientation opposes vertical orientation of the long chains. If the tilt of the hydrocarbon chain away from the vertical caused no increase in energy, then the dipole orientation would be normal to the surface, and the limiting area X would correspond either to the cross-sectional area of the head group, or to th at of the long chain, de pending upon which occupied the larger area in the configuration imposed by this dipole orientation.
I t is clearly evident from the examples of the methyl ketones, acetates and ethers (Alexander 1941 6) , th at if a close-packed configuration with vertical chains entails a zero or very small moment (see for example, Alexander 19416, figure 2, configuration IV), then such a configuration is never obtained, even in the YZ region. At the point X the configuration actually taken up is one with chains tilted at close to 26*5° to the vertical and with a comparatively high moment, often approaching that in the expanded state. This would appear to indicate that the energy difference between the vertical and inclined forms is small at this tilt, but increases beyond th at point, in agreement with the results of Harkins, Young and Boyd (1940) . With pentadecylic acid these authors have shown th at only small energy changes occur in the condensed region (i.e. up to 24 A2), although this example may be complicated by variation in the hydrogen bond energy (see preceding paper).
One very general point arises from the detailed examples previously discussed (Alexander 19416) , namely that on compression from the point X . (The exceptions are the cyanides and those compounds such as the acetamides, where decrease of area permits cross hydrogen bonding.) This indicates that compression increases the energy of the head-group/ water system, and since such compression tends to decrease th at of the hydrocarbon chain system (until close-packed, vertical chains are obtained at the point Y), there is evidently a compromise between these two oppo tendencies at the point X . Further evidence of such a balance at X comes from the effect of increasing the chain length which, from the above, should tend to decrease the area X . This was indicated by the early work of Adam and Dyer (1924) with very long-chain compounds, and recently confirmed by the accurate measurements of Nutting and Harkins (1939) with the acids. Also, as pointed out above, very strong head-group attrac tive forces, as in calcium stearate, completely eliminate the X Y region.
Below is given the proposed classification for condensed monolayers in the X Y region, according to the factor thought to be primarily responsible for determining the area X . It must be pointed out, however, that a much more definite division would be possible if the surface moments of all the compounds considered had been examined in both the condensed and expanded regions. A systematic study of surface potentials, on the lines of the force-area measurements of Adam and his collaborators, would be of real value in this connexion.
Classification of co ndensed monolayers in the X Y r eg io n , ac cording TO THE FACTOR PRIMARILY DETERMINING THE LIMITING AREA X The detailed results for the various compounds have been given in a previous publication (Alexander 19416) , to which reference should be made for any statements quoted below. Size ' of the head group This seems to be the determining factor for the p-alkyl phenols, anisoles and anilines, and similarly for the p-alkyl cydohexanols, if the ring is taken as part of the head group. If, however, the latter term is restricted so as to include only the -OH, -OCH3 or -NH 2 groups, then these compounds show only the Y Z region with close-packed phenyl groups and so should not be included in this part of the discussion at all. In the case of cholesterol, for example, it would seem better to regard the sterol skeleton as forming part of the hydrophobic portion rather than of the head group, and to classify such sterols with compounds showing only the YZ region.
Other benzene derivatives (anilides, resorcinols, etc.), and other ring structures such as the lactones, also ethyl and methyl stearates, glycerides (mono-, di-and tri-), glycols, pentaerythritol tetrapalmitate, cyanides and a-bromo acids, may be explained similarly on the basis of closely packed head groups. At the same time, however, it should be noted th at the packing taken up appears to be th at consistent with the maximum surface moment, as is well shown by such examples as the lactones and a-bromo acids.
(2) Cross-hydrogen bonding
In the preceding paper it has been suggested that this factor determines the limiting area in the case of the unsubstituted fatty acids, ureas, the low-temperature form of the acetamides and acetanilides, methyl stearamide and probably the amides generally.
In certain other cases where hydrogen bonding might be expected but for steric restrictions, it was postulated that cross-linkage occurred through the OH bond of a single water molecule. Such an explanation was given for the alcohols, amines, aldoximes and high temperature form of the acetamides. The a-amino acids should probably be included here as well.
(3) Packing of the chains
Examples where the long chain packing appeared to be the deciding factor were given particularly by the cis and trans unsaturated com pounds, and the differences between the cis and trans dihydroxy behenic acids seemed to be best explicable on a similar basis. Iso-oleic acid and its ethyl ester may be included here or in section (1), since the double bond may be regarded as part of the long chain or of the head group.
In a number of cases, namely, the methyl ketones, acetates, cetyl palmitate and propionate, it appeared that the head-group orientation corresponded to a chain tilt of close to 26*5° to the vertical, giving evidence for a minimum in the chain energy at one orientation other than the vertical. A similar explanation seemed the most probable one for the ethers. I t is perhaps significant that for all these compounds any attractive forces between the head groups, prising, for example, from hydrogen bonding, are most unlikely.
Even in these cases, however, as pointed out above, it is clear that since the interaction between the head-group dipole and the substrate can prohibit the simplest packing with vertical chains, the tilted chain con figuration is determined by the orientation of the head group as well as by that of the long chain.
From the above discussion and classification the most general statement possible would appear to be that, for the usual chain lengths of [14] [15] [16] [17] [18] [19] [20] carbon atoms, the configuration of minimum energy at the limiting area X. is determined both by the orientation of the dipole with respect to the sur face and by the long-chain packing. The area at X may correspond either to th at of the head group or to th at of the hydrocarbon chain, depending upon which occupies the larger area in their respective orientations a t this point. In two-dimensional condensed films true fluid, anisotropic fluid (some times termed 'plastic solid'), and true solid states have been observed, exactly as in three-dimensional matter. A correct distinction between these requires quantitative viscosity and rigidity measurements, and so far such data are limited to the alcohols, acids and esters (Fourt and Harkins 1938; Boyd and Harkins 1939; Trapeznikov 1938 Trapeznikov , 1939 . Hence in all other cases referred to below, fluid and solid films are distinguished solely by qualitative blowing experiments, and a clear-cut differentiation is not always possible. To classify all films in the Y Z region as 'solid', as Dervichian (1939) and Harkins and Boyd (1941) have done, seems rather misleading in view of the obvious fluidity of such films as methyl ketones, acetates, many other simple esters, and the alcohols; and since in the case of pentadecylic acid (Harkins, Young and Boyd 1940) no heat is required to melt the 'solid'. The esters and alcohols do, however, show anomalous viscosity along YZ, and this is quite possibly a general phenomenon for all liquid films in this region, but it would seem better to restrict the term 'solid' to those films with a definite elastic modulus (Trapeznikov 1938, *939 )-Excluding compounds containing ring structures which are discussed below, it would seem that solid films are rarely obtained unless the long chains are close-packed and vertically orientated (i.e. unless the Y Z region exists), since compounds with large substituents in the chain, giving films stable in the X Y region only, give only liquid films. The importance of this packing effect is clearly shown by the a-methyl, a-triazo and a-bromo acids, which give liquid films even as the calcium salts (Alexander 1939) , and by the cis and trans unsaturated compounds (Marsden and Rideal 1938; Alexander 1939) . These latter can pack together much more readily if the chains are in the trans position; accordingly trans compounds tend to give solid and the cis liquid films.
The exceptions to the above generalization appear to be the ureas (Adam 1922 (Adam , 1923 , a long-chain sulphate (Stenhagen 1940) , and a-amino acids (preceding paper). The unusual solidity of the ureas and a-amino acids in the X Y region can be ascribed to cross-hydrogen bonding (see preceding paper), th a t of sodium docosyl sulphate to traces of divalent cations, as indicated by the work of Langmuir and Waugh (1940) , and by the fact th at on an acid substrate, where such cations are known to exert a diminished effect and are less likely to be present, solidification only occurs at the kink-point Y.
Increasing the*van der Waals cohesive forces by increasing the chain length has been shown to bring about solidification in the oase of the esters and alcohols (Adam and Dyer 1924; Schulman and Hughes 1932; Trapeznikov 1938 Trapeznikov , 1939 . The non-polar association can also be increased by replacing the flexible long chain by more complex planar ring systems, e.g. benzene, porphin, etc., which are known to have a high mutual cohe sion. Thus p-hexadecyl phenol (Adam 1923) and mesoporphyrin dimethyl ester (Alexander 1937) give very rigid films showing no liquid region at all.
Solidification of the film can also be brought about by increasing the attractive forces between the head groups. These forces may be of a physical nature (e.g. due to ion-ion, ion-dipole, or dipole-dipole inter actions), or chemical, as for example, when several acid radicals are linked together by means of a glycerol or other polyhydric alcohol in the esters. That such chemical links tend to bring about solidification is shown, for example, by a comparison of methyl stearate and tristearin. Work on mixed films by Marsden and Schulman (1938) shows that, unless hydrogen bonding is possible, forces between dipoles are insufficient to bring about solidification, bht those between an ion and a dipole, or between two oppositely charged ions, are much greater and can bring about such changes. A more detailed discussion of the part played by hydrogen bonding has been given in the preceding paper.
General conclusion
I t is hoped that this discussion and the previous paper on this topic (Alexander 19416 ) have served to point out some of the main factors which appear to be operative in determining the structure of condensed monolayers. Regarding any future investigations certain ones seem to be called for, particularly a systematic surface potential examination of all known compounds in both expanded and condensed states, and whether very long chain compounds can bring about a closer packing in the as well as in the X Y region. From the above analysis this should be so, but very accurate work with pure compounds would be necessary since the changes must necessarily be small. In all future experiments upon con densed films quantitative surface viscosity and rigidity measurements should be included, so th at the physical states can be more accurately defined.
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